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Abstract

Aims—Polymorphous low-grade adenocarcinoma (PLGA) is the second most common intra-oral
salivary gland malignancy. The vast majority of PLGASs harbor a PRKD21 E710D hotspot somatic
mutation or somatic rearrangements of PRKDI, PRKDZ2 or PRKDS3. Given the kinase domain
homology among PRKDI, PRKDZ2and PRKD3, we sought to define whether PLGASs lacking
PRKD1 somatic mutations or PRKD gene family rearrangements would be driven by somatic
mutations affecting the kinase domains of PRKDZ2 or PRKD3.

Methods and results—DNA was extracted from 8 microdissected PLGASs lacking PRKD1
somatic mutations or PRKD gene family rearrangements. Samples were thoroughly centrally
reviewed, microdissected and subjected to Sanger sequencing of the kinase domains of PRKD2
and PRKD3 genes. None of the PLGAs lacking PRKD1 somatic mutations or PRKD gene family
rearrangements harbored somatic mutations in the kinase domains of PRKDZ2 or PRKD3 genes.

Conclusion—PLGAs lacking PRKD1 somatic mutations or PRKD gene family rearrangements
are unlikely to harbor somatic mutations in the kinase domains of PRKDZ2or PRKD3. Further
studies are warranted to define the driver genetic events in this subgroup of PLGAS.
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INTRODUCTION

Polymorphous low-grade adenocarcinoma (PLGA) represents the second most common
salivary gland malignancy of the oral cavity, predominantly affecting the minor salivary
glands.! Despite its characteristic intra-oral presentation, PLGAs can occasionally originate
in other anatomical sites, such as the lungs and the breast.2 The age of incidence is usually in
the sixth to seventh decades of life; however, PLGAs affecting adolescents and infants have
also been reported.3-> PLGA is a malignant epithelial tumor classically characterized by
low-grade cytologic uniformity, architectural diversity (hence the term polymorphous), and
infiltrative borders.! The diverse architectural configurations in which the neoplastic cells
can be arranged include tubular, solid, papillary, microcystic, cribriform, fascicular, single
file, and strand-like growth patterns.6.” Despite their locally infiltrative growth and
neurotropism, PLGAs have a relatively indolent clinical course.”-8 The wide spectrum of
histologic appearances that these tumors display is responsible for major diagnostic
challenges in differentiating PLGAs from other more aggressive types of salivary gland
neoplasms, such as adenoid cystic carcinoma.®

We have recently identified a recurrent E710D pathognomonic hotspot somatic mutation
within the catalytic loop of the kinase domain of PRKDI in 73% of PLGAs.10 This mutation
was found not to be present in other forms of benign or malignant salivary gland tumors©
and in none of the >4000 tumors studied by The Cancer Genome Atlas available on the
cBioPortal (www.chioportal.org).1 PRKD1 encodes the serine/threonine protein kinase D1,
which plays a prominent role in many signal transduction pathways related to cell adhesion,
cell migration, vesicle transport and cell survival.12 Our previous work demonstrated that the
PRKDI1E710D mutation led to significantly increased kinase activity in experimental
models, increased cell proliferation indices /77 vitro and altered glandular architecture in
three-dimensional models3 employing non-malignant breast epithelial cells.1% These
findings support the contention that the PRKD1 E710D hotspot mutation is not only
activating and oncogenic, but also a distinguishing feature of PLGAs.10

In addition to PRKDJ, the protein kinase D (PRKD) gene family also includes PRKDZ2 and
PRKD314 The genes in this family have similar biological functions (i.e. diacylglycerol and
protein-kinase C transduction pathways) and share high levels of sequence identity, in
particular in the kinase domain.1® Specifically, the PRKD family members show a highly
conserved modular structure consisting of an N-terminal region with regulatory domains and
a C-terminal region with a kinase domain, the proteins being maintained in an inactive state
through auto-inhibition of the kinase domain by its regulatory domains.12 Deletions or
mutations of critical residues within these domains result in constitutive activation of the
proteins encoded by PRKD genes.10:14 Rearrangements involving the PRKD gene family
have recently been described in cribriform adenocarcinoma of the salivary glands (CASG), a
neoplastic entity closely related to PLGA.1® Furthermore, RNA sequencing and/or FISH
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analysis of CASGs, classic PLGAs, and PLGAs with “mixed/indeterminate” features has
revealed the presence of genomic rearrangements involving PRKDI1, PRKDZ2 or PRKD3in
75% of CASGs, 45% of cases with “mixed/indeterminate” features and in one of 18 classic
PLGAs.15

Given the high kinase domain sequence identity among PRKD1, PRKD2 and PRKD3 and
that a subset of PLGASs lack PRKD1 hotspot somatic mutations or PRKD gene family
rearrangements, we posited that alternative oncogenic mechanisms in the PRKD gene family
members, other than the PRKD1 E710D mutation, may be involved in the pathogenesis of
PLGA. Here we sought to define whether PLGAs lacking PRKD1 somatic mutations or
PRKD gene family rearrangements would be driven by somatic mutations affecting the
kinase domains of PRKDZ2 or PRKDS3.

MATERIALS AND METHODS

Patients and sample selection

After obtaining Institutional Review Board (IRB) approval from the respective authors’
institutions, representative histologic blocks of PLGASs previously found not to harbor the
PRKDI1 E710D hotspot mutation9 were selected and retrieved from the pathology
departments of the Charles University (Plzen, Czech Republic) and Memorial Sloan
Kettering Cancer Center (MSKCC, New York, NY). All cases were reviewed by the
contributing pathologists and centrally reviewed by at least two pathologists with an interest
and expertise in head and neck cancer pathology (1.W., A.S. and/or N.K.). Only cases
classified as classic PLGA according to the World Health Organization criterial and lacking
the PRKD1 E710D mutation were included in this study.! Cases that fulfilled the diagnostic
criteria of CASG, PLGAs with “mixed/indeterminate” features or adenocarcinoma not
otherwise specified were excluded, regardless their mutational status.!

Classic PLGAs lacking the PRKD1 E710D somatic mutation were subjected to fluorescence
in situ hybridization (FISH) to rule out rearrangements of PRKDI, PRKDZ2 and PRKD3, and
the results of these analyses were reported elsewhere.1® Only classic PLGAs lacking PRKD1
somatic mutations or PRKD gene family rearrangements were included in this study.1®

Patient gender, age at diagnosis and the anatomic site affected by the PLGA were obtained
from the medical records from the patients whose tumors were included in this study. After
the retrieval of these clinical details, samples were anonymized. Informed consent was
obtained when appropriate, following the IRB protocol specifications.

Microdissection and DNA extraction

Representative 8-um-thick sections of formalin-fixed paraffin-embedded (FFPE) blocks of
tumor and adjacent normal tissue were stained with nuclear fast red and microdissected
using a sterile needle under a stereomicroscope (Olympus SZ61, Center Valley, PA), to
ensure >80% of tumor cell content, as previously described.16 Genomic DNA was extracted
from each tumor and matched normal tissue using the DNeasy Blood and Tissue Kit
(Qiagen, Valencia, CA), and quantified using the Qubit Fluorometer assay (Invitrogen, Life
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Technologies, Norwalk, CT), following the manufacturers’ protocols.1718 All samples had
sufficient quantity and quality of DNA for Sanger sequencing analysis.

Amino acid sequence alignment of PRKD1, PRKD2 and PRKD3 kinase domains

The ‘canonical’ amino acid sequences of the kinase domains of PRKD1, PRKDZ2 and
PRKD3were retrieved from UniProt (http://www.uniprot.org; PRKDI: accession Q15139,
positions 583-839; PRKDZ. accession QIBZLSE, positions 551-807; PRKD3: accession
094806, positions 576-832). Multiple sequence alignment was performed using the
Clustalw?2 tool on the EMBL-EBI website (http://www.ebi.ac.uk/Tools/msa/clustalw2/).

PCR amplification and Sanger sequencing

We employed primer sets that amplify the entire kinase domains of PRKDI1, PRKDZ2 and
PRKD3. The primers pairs were designed as previously described® (Supplementary Figure
1 and Supplementary Table 1) and the specificity was also tested using in a previously
described /7 silico method! (https://genome.ucsc.edu/cgi-bin/hgPcr). PCR amplification of
10ng of genomic DNA was performed using the AmpliTaq 360 Master Mix Kit (Life
Technologies, Norwalk, CT) on a Veriti Thermal Cycler (Life Technologies). The
thermocycling protocol consisted of an initial incubation step of 95°C for 5 min and then 35
cycles of 95°C for 30 sec, 56°C for 30 sec, 72°C for 30 sec, and one final extension step of
72°C for 10 min. PCR fragments were purified with ExoSAP-IT (Affymetrix, Santa Clara,
CA), and the sequencing reactions were performed on an ABI 3730 capillary sequencer
using ABI BigDye Terminator chemistry (v3.1, Life Technologies) according to the
manufacturer’s instructions. Sequences of the forward and reverse strands were analyzed
using MacVector software (MacVector, Inc, Cary, NC).10 All analyses were performed in
duplicate.

RESULTS

Histopathologic review

Eight classic PLGAs affecting 1 male and 7 female patients, with a median age at the
diagnosis of 66 years (range 32 — 77 years, Table 1), were confirmed to lack the PRKD1
E710D hotspot mutation (Table 1). All cases displayed the bona fide histologic features of
classic PLGA.20 The neoplastic cells showed low-grade features with the typical cytologic
uniformity described in this specific histologic type of salivary gland malignancy (Figure 1).
Neoplastic cells were arranged in small nests with fascicular and targetoid appearance, cords
and tubules/duct-like structures with infiltrating borders. At higher magnification, these
structures were composed of cuboidal, columnar, and/or spindled cells with small bland and
uniform ground-glass nuclei with indistinct nucleoli and eosinophilic cytoplasm. The short
fascicles of tumor cells occasionally displayed a targetoid arrangement around vessels and/or
nerves. Mitotic figures were vanishingly rare, with an average mitotic count of <1/10 high-
power fields. The tumor stroma was composed of fibrous tissue with varying degrees of
hyalinization and myxoid change. No chondroid differentiation or necrosis was observed.
Stromal mucinosis and elastosis could be rarely observed along with areas of intra-lesional
hemorrhage. Interestingly, focal apocrine differentiation was observed in case PLGA_04.
Taken together, the eight PLGAs lacking PRKD1 somatic mutations or PRKD gene family
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rearrangements displayed histologic features similar to those documented in PLGAS
harboring PRKD1 E710D pathognomonic somatic mutationsl? or PRKD gene family
rearrangements. 15

Sequencing analysis
To define the sequence similarity of the kinase domains of the PRKD gene family members,
we performed a multiple sequence alignment of the 257 amino acid residues that constitute
the kinase domains of PRKD1, PRDK2 and PRKD3. This analysis revealed that their
median sequence identity was 92.2% (range 91.1%-94.2%, Figure 2). Given the high degree
of sequence identity among the kinase domains of PRKD1, PRKDZ2 and PRKD?3 genes, we
sequenced the kinase domains of PRKD2and PRKD3. Sanger sequencing analysis of the
entire kinase domains of PRKDZ2and PRKD3 revealed no somatic mutations (Table 1 and
Figure 3) in any of the PLGAs lacking PRKDI somatic mutations or PRKD gene family
rearrangements analyzed in this study (Figure 3).

DISCUSSION

Salivary gland tumors constitute a relatively rare and heterogeneous group of lesions that
encompasses entities with different morphologies, outcomes, and biological
characteristics.2! In recent decades, a remarkable number of pathognomonic somatic genetic
alterations underpinning specific types of salivary gland tumors have been identified.
Recently, our group demonstrated that 73% of PLGAs harbor a novel E710D PRKD1
activating hotspot somatic mutation, which likely constitutes a major driver of this disease.10
Importantly, this mutation was not found in 312 non-PLGA salivary gland tumors. This
hotspot mutation is not only of biological interest, but also constitutes an ancillary molecular
marker to differentiate PLGASs from their more aggressive mimics, including adenoid cystic
carcinomas. 9 Interestingly, genomic rearrangements involving PRKD gene family
members, namely PRKDI, PRKD2and PRKD3, have been documented in 75% of CASG, a
salivary gland tumor closely related to classic PLGAs.1® Importantly, Weinreb et al.1>
reported on the presence of a PRKD2 somatic rearrangement in one of 18 classic PLGAs,1®
and a PRKD1 wild-type PLGA reported by our group expressed an ACTN4-PRKDZ2 somatic
rearrangement.10 Taken together, these observations are consistent with the notion that
PLGAs may constitute a convergent phenotype22:23 and be driven by activating somatic
genetic alterations affecting PRKD1, PRKDZ2 and PRKD3.

Sequence alignment of the kinase domains of the PRKD gene family members confirmed
that the domains are composed of highly conserved sequences, with sequence identity >90%
(Figure 2). The three members of the PRKD family are structurally similar, supporting the
notion that they likely harbor homologous functions in the diacylglycerol and protein kinase
C signal transduction pathway.12:24 To determine whether the minority of PLGAs that
neither harbor the PRKD1 E710D activating mutation nor somatic rearrangements of
PRKDI1, PRKDZ2 or PRKD3would be driven by somatic mutations affecting the kinase
domains of PRKDZor PRKD3, we sequenced the kinase domains of these genes in eight
PLGAs lacking PRKD1 somatic mutations or PRKD gene family rearrangements. None of
the cases displayed somatic mutations in PRKDZ2 or PRKD3. These PLGAs lacking PRKD1
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somatic mutations or PRKD gene family rearrangements had morphological features
entirely consistent with those of classic PLGAs driven by the PRKD1 E710D somatic
mutation. Taken together, our findings demonstrate that a subset of PLGAs may be driven by
genetic or epigenetic alterations affecting genes other than the three members of the PRKD
gene family.

Apocrine differentiation, which is not uncommonly found in other types of malignant
salivary gland tumors (e.g. salivary duct carcinoma),2>:26 has rarely been documented in
PLGAs. One of the cases included in this study displayed focal apocrine differentiation
(Figures 1E, F). This prompted us to perform a review of the cases included in Weinreb et
al.10 for the presence of apocrine differentiation in the 43 PLGAs harboring the E710D
PRKD1 hotspot mutation. Of these cases, only one (2%) displayed areas of apocrine
differentiation. Further studies are warranted to define the frequency of apocrine
differentiation in PLGAs and other histologic features that may distinguish PLGAS
harboring somatic genetic alterations affecting PRKD1, PRKDZ2 or PRKD3from those
displaying wild-type PRKD1, PRKDZ2 or PRKD3.

Our study has several limitations. First, the size of the cohort was small owing to the rarity
of PLGAs lacking PRKD1 somatic mutations or PRKD gene family rearrangements.
Therefore, this study should be considered exploratory and hypothesis-generating. Second,
we have focused only on the kinase domains of PRKDZ2and PRKD3, and somatic genetic
alterations affecting other regions of these genes could theoretically result in their activation.
A review of the results from The Cancer Genome Atlas of the mutations affecting regions
other than the kinase domains of PRKDZ2and PRKD3 revealed that mutations affecting these
regions are almost exclusively non-pathogenic/passengers (only two out of 208 missense
mutations considered as potentially pathogenic based on the results from cBioPortal
(www.chioportal.org)).1 Third, the PRKD family belongs to the larger CAMK group of
kinases and the kinase domains of the PRKD genes share high sequence similarity to those
of other CAMK members.27 It is thus plausible that PLGAs lacking PRKD1 somatic
mutations or PRKD gene family rearrangements may harbor mutations in other genes in the
CAMK family. We are currently in the process of acquiring samples of PLGASs lacking
PRKD1 somatic mutations or PRKD gene family rearrangements with sufficient germline
and tumor DNA of optimal quality for massively parallel sequencing analysis of these genes.
Fourth, alternative drivers of PLGAs lacking PRKD1 somatic mutations or PRKD gene
family rearrangements may be epigenetic, and if so, these would not be detected through
conventional massively parallel sequencing analysis of these tumors. Despite these
limitations, our study provides direct evidence that albeit being a convergent phenotype,
PLGAs constitute a heterogeneous group of tumors, some of which are not driven by
somatic mutations affecting the kinase domains of PRKD1, PRKDZ2and PRKD3 or somatic
rearrangements affecting PRKD family genes. Further studies to define the drivers of these
tumors are warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Representative micrographs of polymorphous low-grade adenocar cinoma of the
salivary glandsincluded in this study

Classic polymorphous low-grade adenocarcinomas with neoplastic cells arranged in nests,
cords and duct-like structures (A; PLGA_05) composed of neoplastic cells with small, bland
and uniform ground-glass nuclei with indistinct nucleoli and eosinophilic cytoplasm (B;
PLGA_05). Tumors displayed infiltrating borders (C; PLGA_06) and foci of perineural
invasion were observed (D; PLGA_03). PLGA_04 displayed the architectural diversity
characteristic of polymorphous low-grade adenocarcinoma (E). In this case, a focus of
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apocrine differentiation was observed (E and F). Original magnification x50 - A, C, D and
E; x200 - B and F.
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Figure 2. Multiple-sequence alignment (ClustalW) of PRKD1, PRKD2 and PRK D3 kinase

domains

Conserved amino acids are highlighted in similar colors.
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Figure 3. Polymor phous low-grade adenocar cinomas (PL GAs) lacking PRKD1 somatic
mutations or PRKD gene family rearrangementslack PRKD2 and PRKD3 kinase domain

mutations

(A) Representative sequence electropherograms of the PRKD1 E710 residue (catalytic loop)
from the 8 PLGAs included in our study. (B) Representative sequence electropherograms of

PRKDZ catalytic loop from the 8 PLGASs included in our study. (C) Representative sequence
electropherograms of the PRKD3 catalytic loop from the 8 PLGASs included in our study.
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